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We demonstrate that the thermopower (S) can be used to probe the spin fluctuations (SFs) in
proximity to the quantum critical point (QCP) in Fe-based superconductors. The sensitivity of
S to the entropy of charge carriers allows us to observe an increase of S/T in Ba(Fe1−xCox)2As2
close to the spin-density-wave (SDW) QCP. This behavior is due to the coupling of low-energy con-
duction electrons to two-dimensional SFs, similar to heavy-fermion systems. The low-temperature
enhancement of S/T in the Co substitution range 0.02 < x < 0.1 is bordered by two Lifshitz
transitions, and it corresponds to the superconducting region, where a similarity between the elec-
tron and non-reconstructed hole pockets exists. The maximal S/T is observed in proximity to the
commensurate-to-incommensurate SDW transition, for critical xc ≈ 0.05, close to the highest su-
perconducting Tc. This analysis indicates that low-T thermopower is influenced by critical spin
fluctuations which are important for the superconducting mechanism.
PACS numbers: 74.40.Kb, 74.20.Mn, 74.25.fg
I. INTRODUCTION
The physical properties of matter in the vicinity of
a quantum critical point (QCP) have been the focus
of interest since the discovery of unconventional super-
conductivity1,2 and heavy-fermion systems3,4. The dis-
covery of superconductivity (SC) in Fe-based materials
(FeSC) and the presence of a spin-density-wave (SDW)
state motivated discussions about the interplay of mag-
netism, structure, and superconductivity which coexists
with the QCP in the phase diagram of FeSC5,6. In FeSC,
the structural, tetragonal-to-orthorhombic, transition is
coupled to the paramagnetic-to-antiferromagnetic tran-
sition7. This behavior can be realized through nematic
order which emerges from the coexistence of magnetic
fluctuations and frustration8–12. It explains the prox-
imity in temperature of the structural (TS) and mag-
netic (TSDW) transitions throughout the phase diagram
of doped iron-pnictides13. The observed anisotropy of
the in-plane resistivity is in agreement with the nematic
scenario of anisotropic electronic states originating from
the scattering by impurities and critical spin fluctuations
(SFs)9,14–16. The study of magnetic fluctuations are im-
portant because it is believed they are responsible for the
SC pairing17,18.
The thermoelectric power (S) is sensitive to the deriva-
tive of the density of electronic states and the change
in the relaxation time at the Fermi surface (FS). It can
be interpreted as the entropy per charge carrier19,20. S
can be used to detect deviations from the Landau Fermi-
liquid (FL) picture, i.e. in heavy-fermion compounds.
There, the enhanced scattering by critical spin fluctu-
ations (SFs) close to the antiferromagnetic (AF) quan-
tum critical point leads to an increase of electronic en-
tropy and, consequently, to increases of thermopower
and electronic specific heat (Ce)
21. The increase of
entropy and Ce upon entering the nematic phase in
the vicinity of the quantum critical phase was shown
in the example of Sr3Ru2O7
22. In this paper, we ob-
serve quantum critical behavior by thermopower in the
phase diagram of the prototypical Fe-based superconduc-
tor Ba(Fe1−xCox)2As2 (BFCA).
II. QUANTUM CRITICALITY AND
THERMOPOWER
The variations of thermopower S/T have been used to
characterize the nature of the QCP in non-Fermi-liquid
(NFL) heavy-fermion compounds23. In the case of a spin-
density-wave criticality, the S/T is roughly symmetric
around the QCP. Also, it was shown that S/T near the
magnetic quantum critical point has a variation similar
to Ce/T
21. The low-energy quasi-two-dimensional (2D)
spin fluctuations with a 2D ordering wave vector and a
three-dimensional (3D) Fermi surface lead to “hot” re-
gions (with a high scattering rate) on the Fermi surface24.
The electrons are strongly renormalized in these regions
because of the enhanced scattering on nearly critical
spin fluctuations. This leads to the following expression
(taken from Ref.21) for the specific heat or entropy per
particle:
Ce ∝ N (0)T g
2
0
FωS
ln(ωS/δ). (1)
Here, N (0) is the density of states at the Fermi energy
F , and g
2
0 is the bare coupling between the electrons and
spin fluctuations. The energy of the spin fluctuations is
given by ωS , where ωS ∼ W , the bandwidth of the con-
duction electrons, while δ is the mass of the SF and it
measures the deviation from the QCP. The logarithmic
T dependence of specific heat is different from the Fermi-
liquid behavior in which Ce ∝ T . Analogously, according
to Ref.21, the expression for thermopower based on crit-
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2ical 2D SFs is
S
T
∝ 1
e
(
g20N ′(0)
FωSN (0)) ln(ωS/δ). (2)
One can write δ as δ = Γ(p − pc) + T , where Γ is an
energy parameter and p is an experimental parameter
(doping, pressure or magnetic field) that can be tuned
to the critical value pc. This means that the QCP can
be approached by changing the temperature or other
parameters in the system. In the former case, when
T > Γ(p − pc), S in proximity to QCP has a depen-
dence S/T ∝ ln(1/T ), qualitatively different from the
FL behavior S/T ∝ const.21
The NFL divergent behavior of S/T close to the
antiferromagnetic SDW QCP is observed in sev-
eral unconventional superconductors, among others:
heavy-fermion Ce2PdIn8
25, cuprate high-Tc supercon-
ductor La1.6−xNd0.4SrxCuO426, and hole-doped Fe
pnictides Ba1−xKxFe2As2, Sr1−xKxFe2As227,28, and
Eu1−xKxFe2As229. The difference between these com-
pounds is the energy defined by the temperature below
which the critical behavior is observed and SC emerges,
which is smaller in heavy-fermion and larger in high-Tc
SC. Another sign of quantum critical behavior is the
T -linear resistivity ρ(T ) driven by anomalous scatter-
ing on spin fluctuations, for the critical value of dop-
ing, which was reported in all of the aforementioned
compounds26–28,30. Also, the critical behavior of ρ(T )
corresponds to the highest SC Tc, thus supporting the
SF-driven SC scenario2. The highest energy-range of crit-
icality is observed in La2−xSrxCuO4 cuprates, where the
linear T dependence of ρ extends up to 1100 K31. In
both cuprates and Fe pnictides, this anomalous behavior
is observed only in a narrow doping range, for a critical
value of doping27,32,33.
III. S/T OF BFCA – QUANTUM CRITICALITY
AND THERMOPOWER
Here we focus on the S/T in the low-T region that
shows anomalous behavior in Co substituted, electron-
doped BFCA. SDW long-range AF order at TSDW is de-
fined by a commensurate propagation vector which is the
nesting vector between the hole and electron pockets on
the Fermi surface34. The TSDW occurs at lower tempera-
ture than the TS transition
35 and in the SDW phase the
FS is reconstructed36. With Co substitution, the struc-
tural and SDW transitions are suppressed and increas-
ingly separated, and the FS undergoes a Lifshitz transi-
tion above x ≈ 0.0236,37. It is a topological change of the
FS, and the first one occurs when the reconstructed hole
pocket disappears below the Fermi level, giving way to
the electron pocket at the Brillouin zone X corner (LT1).
A similarity in the size and shape of this electron X
pocket and the hole Γ pocket in the zone center exists in
the 0.02 < x < 0.1 range37. This feature enhances inter-
band scattering which is important for superconducting
pairing34,38–40. The low-energy spin resonance observed
in the SC phase by inelastic neutron scattering at the
same nesting vector supports the picture of a SC pairing
mechanism mediated by spin fluctuations41. Also, nu-
clear magnetic resonance links the strength of AF SFs
and SC Tc, when the SDW order is almost suppressed
42.
In the same region, for x ≈ 6%, the magnetic wave vector
becomes incommensurate with the lattice periodicity43.
The tightly spaced Co substitution in
Ba(Fe1−xCox)2As2 single crystals allows us to pre-
cisely map the whole S/T phase diagram44,45. Thus, we
can study the evolution of S as the system undergoes
several Lifshitz transitions37. They were observed by
angle-resolved photoemission spectroscopy (ARPES)36
and by the change in thermopower and the Hall effect45.
Between the first two Lifshitz transitions, interband
scattering is responsible for the AF SF and thermopower
is sensitive to them. Therefore, we can probe the phase
diagram of Fe pnicitides in order to search for the
signatures of spin-fluctuation-driven quantum criticality
in S/T .
The temperature dependence of |S|/T vs. lnT for
the whole phase diagram is presented in Fig. 1. The
Co concentrations used here were determined by using
wavelength dispersive x-ray spectroscopy44. We sepa-
rated the data into three groups, with each group show-
ing a characteristic T dependence. In the first group at
x = 0−0.025, S/T undergoes an abrupt change at TS fol-
lowed by Fermi-surface reconstruction36 [Fig. 1(a)]. The
reconstructed hole Dirac-like band in the SDW state was
predicted46 and observed47 and it induces a positive con-
tribution to the otherwise small and compensated ther-
mopower of BaFe2As2
48. This contribution to S is T
dependent49 and it is suppressed with Co substitution44.
Its decrease is responsible for the increase of |S|/T with
lowering temperature in the low electron-doping regime.
As we approach the Lifshitz transition at x ≈ 0.025, the
quantum critical behavior S/T ∝ ln(1/T ) can be ob-
served in a limited T range (30-100K).
In the second group at x = 0.034−0.114, the system is
superconducting which is concomitant with an increase of
thermopower in a large T range [Fig. 1(b)]. The Lifshitz
transition LT1 is crossed and the S/T increases linearly
on the log T scale with lowering T . With an increase
of x, the slope of S/T logarithmic T dependence n in-
creases up to x = 0.05 and then decreases, as shown
in Fig. 2. This can be ascribed to the decrease of Fermi
energy close to the QCP, according to expression (2). Re-
cent measurements of the London penetration depth on
the isovalently substituted FeSC imply a decreasing ef-
fective Fermi temperature when the QCP is approached
in FeSC50. Furthermore, taking into account expressions
(2) for S in the quantum critical regime and the mass
of spin fluctuation δ = Γ(p − pc) + T , we can explain
the logarithmic increase of S with lowering T and de-
creasing SF mass δ. When T < Γ(p − pc), S starts to
saturate depending on the value of parameter p, in this
case Co substitution x. Above the second Lifshitz transi-
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FIG. 1. (Color online) The behavior of S/T vs lnT in three
Co substitution regimes: (a) SDW phase in which the Fermi
surface is reconstructed, (b) superconducting, and (c) toward
the Fermi liquid at high x. The dotted lines emphasize lin-
earity on a log T scale. Thermopower data are taken from44
and45.
tion (LT2) at x ≈ 0.11 the cylindrical hole band changes
to ellipsoid37, which reduces the nesting and S/T . In
the third group, as the superconductivity is suppressed
above x = 0.14, the slope of S(T )/T continues to de-
crease. This can be explained by the continuous increase
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FIG. 2. (Color online) Plot of the slope n of the logarithmic
temperature dependence of S/T as a function of Co substitu-
tion x shows an increase close to the quantum critical point.
of δ that results in a smaller S [Fig. 1(c)]. The system
undergoes a third Lifshitz transition (LT3) around x ≈
0.2, above which the hole band is suppressed below the
Fermi level. Above x ≈ 0.2, low-T S/T saturates as the
system makes a cross-over from a quantum critical NFL
to the Fermi-liquid-like (S/T ∝ const) state.
If we analyze the x-dependent behavior of S at fixed
temperatures (Fig. 3), we observe that for the critical
value of xc ≈ 0.05, the S/T attains its highest value and
has a broad maximum centered at the QCP. The x depen-
dence comes from the change in the spin fluctuation mass
δ and the Fermi energy in the expression for S. This be-
havior is in agreement with the theoretical calculations,
which show that S/T increases in proximity to the QCP
in SDW systems21,23. As predicted, the rate of change
of S/T (x) in the AF phase is more pronounced than in
the paramagnetic phase, because of the reduction of en-
tropy in the AF ordered phase. In the overdoped case
(x > 0.2), the hole band is suppressed below the Fermi
level and the bandwidth of the electron band is much
larger, in agreement with the Fermi-liquid dependence
seen in resistivity (ρ ∝ T 2)51,52 and thermopower [Fig.
1(c)]. Opposite to that, the region closer to QCP is char-
acterized by T -linear NFL ρ, in analogy with cuprates
and Bechgaard salts52. A similar cross-over was observed
in a heavy-fermion compound YbRh2(Si1−xGex)2, at the
transition from the magnetic field-induced FL (Ce/T ∝
const) and the NFL state53. In the same compound, S/T
was found to increase similarly to Ce/T in the NFL state,
indicating a large entropy of charge carriers.54
A more suggestive representation of the thermopower
data presented in Fig. 1 is the contour plot of S/T
as a function of Co substitution and log T in Fig. 4.
S/T maps a hot region above the SC dome, bordered by
the two Lifshitz transitions, LT1 and LT2, with a dome-
like distribution of intensity. In this substitution region
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FIG. 3. (Color online) S/T increases when approaching the
QCP around xc ≈ 0.05, and the parameter δ (the mass of
SF) is decreasing simultaneously with a decrease of EF . The
increase of S/T is achieved by decreasing δ with lowering tem-
perature. In the AF phase the drop is more abrupt, similar
to theoretical calculations23.
(x = 0.025 − 0.1) the size of the electron X and hole
Γ pocket is similar36. The peak of intensity is close to
x = 0.05, where the QCP is approached, close to the re-
ported incommensurate spin-density-wave (IC-SDW) re-
gion, which was observed by neutron diffraction in the
range 0.056 < x < 0.0643. The substitution-induced sup-
pression of the structural and magnetic transitions coin-
cides with the weakening of a nesting-driven SDW order,
which results in an enhancement of the spin fluctuations
in the region marked by the red color in Fig. 4. It is
the same region of the phase diagram where the back-
bending of the separate SDW and structural tetragonal-
to-orthorhombic transition occurs below SC Tc
13,55.
The observed relationship between the superconduc-
tivity, magnetism, and orthorhombicity can be explained
by the magnetoelastic coupling and the closely related
Ising nematic order9,58. The electronic nematic phase
with the broken C4 symmetry was detected below the
temperature T ∗ by the magnetic torque and the elastic
response of resistivity anisotropy measurements in the
isovalently substituted system BaFe2(As1− xPx)211,12.
This phase exists above TS and is coupled to the lattice in
the normal state. The nematic transition can induce the
structural transition followed by the magnetic transition
at a lower temperature9,16,58. The nematic instability
itself is driven by the anisotropic spectrum of spin fluc-
tuations above the AF ordered phase16. As suggested
in Ref.9, the scattering of electrons by SFs around the
hot spots of the Fermi surface is anisotropic below the
nematic transition due to the fluctuations around one of
the two possible ordering vectors, (pi,0) and (0,pi), which
become stronger than the SFs around the other vector.
This leads to the anisotropic scattering of electrons and
the increased in-plane resistivity anisotropy observed in
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FIG. 4. (Color online) The contour plot of S/T as a function
of log T and Co substitution x shows a low-T increase due
to spin fluctuations in the region of similar non-reconstructed
electron X and hole Γ pockets, in the x range between the first
(LT1) and second (LT2) Lifshitz transitions. The top insets
represent the scheme of Fermi-surface topology for each region
in the phase diagram delimited by the Lifshitz transitions
(taken from Ref.37). The lower inset emphasizes the similarity
between the translated electron and hole pockets (solid- and
open symbols, respectively), which can lead to the hot regions
at the FS (as reported in Ref.36). The temperatures of the
superconducting (Tc), structural (TS), and antiferromagnetic
(TM ) transitions are taken from Refs.
56,57. The region of the
incommensurate SDW is indicated by TIC
43.
Ref.14. In clean systems, the scattering on hot spots of
the FS is hidden by the contribution from other parts
of the FS59. However, when the impurities are present,
only electrons near the hot spots are strongly scattered
by SFs, inducing a NFL behavior60. This effect is ob-
servable in the behavior of S/T close to QCP21 in the
BFCA system. Approaching the QCP from the over-
doped side increases the quantum spin fluctuations and
the S/T (Fig. 4). The region of a low-T increase of
thermopower in the overdoped regime is similar to the
x dependence of the nematic phase transition temper-
ature T ∗ in the paramagnetic phase of the isovalently
substituted FeSC11,12. Below the structural/magnetic
transition, the spin fluctuations related to the magnet-
ically ordered phase are indeed anisotropic and cause an
anisotropic scattering9,16.
5The link between the increase in S/T and anisotropic
spin fluctuations close to QCP is observed in other sys-
tems, too. The increase in S/T at xc from both the higher
and lower Co substitution sides is reminiscent of the be-
havior observed in Sr3Ru2O7, in which the magnetic field
was used as a tuning parameter to approach the QCP22.
Jumps in magnitude observed there in two thermody-
namic variables, entropy and specific heat, were ascribed
to the formation of a spin nematic phase of electronic
fluid with broken rotational symmetry. This phase was
previously detected as a region with highly anisotropic
magnetoresistivity61. The behavior of BFCA is analo-
gous with this: An increase in S/T in the x-T phase dia-
gram matches the region of increased in-plane resistivity
anisotropy observed in Ref.14. These two phase diagrams
indicate the formation of a different quantum phase, the
electronic nematic phase in the vicinity of the QCP in an
Fe-based superconductor, in agreement with the nematic
order scenario9. This scenario is supported by the mea-
surements of thermopower anisotropy on detwinned sam-
ples of another FeSC EuFe2(As1− xPx)262. An alter-
native scenario considers the spontaneous orbital order-
ing that causes the structural transition and removes the
frustration of the magnetic phase, that occurs at lower
temperature63–65.
There are many complex systems in which IC-SDW,
nematic stripe order, high thermopower and supercon-
ductivity are reported to coexist. For example, spin
entropy was suggested to be responsible for the en-
hanced S in NaxCo2O4 (Ref.
66) and superconducting
NaxCo2O4·γH2O67,68. One can argue that this can be
generalized to other complex transition-metal oxides, in-
cluding the high-Tc cuprates
69,70. Essentially the same
behavior, compared to FeSC, was observed by the ap-
plication of pressure or chemical doping to the itiner-
ant antiferromagnet Cr71,72. There, the nesting-driven
SDW transition is suppressed with the change of ex-
ternal parameters, resulting in quantum critical behav-
ior at low-T . Unlike FeSC, the SC Tc is never high in
Cr alloys because of the lack of a sufficiently attractive
electron-electron interaction necessary for the Cooper
pair formation72.
IV. S/T – QUANTUM CRITICALITY AND
SUPERCONDUCTIVITY
Strong evidence for the connection between SC and the
observed quantum criticality is the correlation between
the x dependence of Tc, S/T , and the specific heat jump
(∆Cp/Tc) at the SC Tc, which changes by a factor of ∼
10 across the SC dome73. ∆Cp/Tc vs Tc data for sev-
eral FeSC can be scaled linearly to a single log-log plot
over an order of magnitude in Tc. We propose that spin
entropy plays a crucial role in the maximum of ∆Cp/Tc,
and that the highest entropy comes from the IC-SDW
for x ∼ 0.05. The maximum of ∆Cp/Tc corresponds
to a minimum of the anisotropy of thermal conductivity
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FIG. 5. (Color online) Superconducting transition Tc, specific
heat jump Cp/Tc, and thermopower (S/T ) at T = 25 K as
a function of concentration x in Ba(Fe1−xCox)2As2. Specific
heat data are from Ref.73. Lines serve as a guide to the eye.
and the superconducting gap modulation74. The striking
similarity between the x dependence of SC Tc, ∆Cp/Tc,
and S/T is presented in Fig. 5. The proportionality of
the Tc and the strength of spin fluctuations observed in
S/T support the picture of SF mediated superconductiv-
ity. The SF determine the energy scale which results in
the dome-like behavior in Tc, ∆Cp/Tc, and S/T . This
can also be observed in proximity to the thermopower
intensity peak to the maximal Tc in Fig. 4.
The spin fluctuations are also proportional to the res-
onance observed in inelastic neutron scattering at the
interband scattering vector41. Also, a recent, more de-
tailed neutron study on FeSC proved that the commen-
suration in the spin excitation spectrum and the so-
called hour-glass dispersion forms well above SC Tc
75.
The same technique detected spin excitations in the SC
hole-doped Ba1−xKxFe2As2, where the correlation be-
tween the Fermi surface nesting, SF energy and SC Tc
is observed76. The additional correlation with the criti-
cal fluctuations observed by S/T in the same compound
supports the argument of this paper28. A Nernst effect
study on a similar compound Eu(Fe1−xCox)2As2, showed
the existence of an anomalous contribution that peaks
above Tc (around 40 K) in the sample where SDW and
SC coexist77. The authors there associated this contri-
bution with the Fermi-surface reconstruction caused by
spin fluctuations. Future Nernst effect measurements in
the BFCA compound can bring useful information con-
cerning the existence of SF above Tc.
V. CONCLUSION
We observe a signature of quantum critical behavior in
the T dependence of thermopower of the Fe-based super-
conductor Ba(Fe1−xCox)2As2. We ascribe the increase
6seen in S/T (T, x) around the critical substitution level
xc to spin fluctuations close to the QCP. The increase of
S/T originates from the SDW- driven critical SFs that
are enhanced at low T for 0.02 < x < 0.1, between the
two Lifshitz transitions. In this x range the electron and
hole pockets are well nested, which leads to the enhanced
scattering of electrons with the critical SFs at the hot re-
gions of the Fermi surface. The smallest mass of SFs and
the largest S/T at low T correspond to xc ≈ 0.05, close
to the reported IC-SDW region. The quantum critical
behavior that we observe in S/T confirms the behavior
found in ρ and its anisotropy. Thus, the enhancement of
thermopower and consequently, the entropy of the elec-
tron system in Fe pnictides can be related to SF, which
exist above the SC Tc. Their strength is proportional
to the Tc, which supports the picture of spin fluctuation
mediated superconductivity.
ACKNOWLEDGMENTS
We thank M. Sigrist, A. Ja´nossy, H. Rønnow, I.
Eremin, K. Behnia, and T. Iye for useful discussions.
Work performed at EPFL was supported by the Swiss
NSF and by the MaNEP NCCR. Part of this work was
performed at the Ames Laboratory and supported by
the U.S. Department of Energy, Office of Basic Energy
Science, Division of Materials Sciences and Engineering.
Ames Laboratory is operated for the U.S. Department
of Energy by Iowa State University under Contract No.
DE-AC02-07CH11358.
1 J. G. Bednorz, and K. A. Mu¨ller, Zeitschrift fu¨r Physik B
Condensed Matter 64, 189 (1986).
2 L. Taillefer, Annu. Rev. Condens. Matter Phys. 1, 51
(2010).
3 H. v. Lo¨hneysen, T. Pietrus, G. Portisch, H. G. Schlager,
A. Schro¨der, M. Sieck, and T. Trappmann, Phys. Rev.
Lett. 72, 3262 (1994).
4 P. Gegenwart, Q. Si and F. Steglich, Nat. Phys. 4, 186
(2008).
5 Y. Kamihara, T. Watanabe, M. Hirano, and H. Hosono, J.
Am. Chem. Soc. 130, 3296 (2008).
6 J. Dai, Q. Si, J.-X. Zhu, and E. Abrahams, Proc. Natl.
Acad. Sci. U.S.A. 106, 4118 (2009).
7 Q. Huang, Y. Qiu, W. Bao, M. A. Green, J. W. Lynn, Y.
C. Gasparovic, T. Wu, G. Wu, and X. H. Chen, Phys. Rev.
Lett. 101, 257003 (2008).
8 C. Xu, M. Mu¨ller and S. Sachdev, Phys. Rev. B 78, 020501
(2008).
9 R. M. Fernandes, E. Abrahams and J. Schmalian, Phys.
Rev. Lett. 107, 217002 (2011).
10 C. Fang, H. Yao, W.-F. Tsai, J. Hu, and S. A. Kivelson,
Phys. Rev. B 77, 224509 (2008).
11 S. Kasahara et al., Nature (London) 486, 382 (2012).
12 J.-H. Chu, H.-H. Kuo, J. G. Analytis, and I. R. Fisher,
Science 337, 710 (2012).
13 S. Nandi et al., Phys. Rev. Lett. 104, 057006 (2010).
14 J.-H. Chu, J. G. Analytis, K. De Greve, P. L. McMahon,
Z. Islam, Y. Yamamoto and I. R. Fisher, Science 329, 824
(2010).
15 M. A. Tanatar et al., Phys. Rev. B 81, 184508 (2010).
16 R. M. Fernandes, A. V. Chubukov, J. Knolle, I. Eremin,
and J. Schmalian, Phys. Rev. B 85, 024534 (2012).
17 D. J. Scalapino, E. Loh, and J. E. Hirsch, Phys. Rev. B
34, 8190 (1986).
18 K. Miyake, S. Schmitt-Rink, and C. M. Varma, Phys. Rev.
B 34, 6554 (1986).
19 P. M. Chaikin and G. Beni, Phys. Rev. B 13, 647 (1976).
20 V. Zlatic´, R. Monnier, J. K. Freericks, and K. W. Becker,
Phys. Rev. B 76, 85122 (2007).
21 I. Paul and G. Kotliar, Phys. Rev. B 64, 184414 (2001).
22 A. W. Rost, R. S. Perry, J.-F. Mercure, A. P. Mackenzie,
and S. A. Grigera, Science 325, 1360 (2009).
23 K.-S. Kim and C. Pe´pin, Phys. Rev. B 81, 205108 (2010).
24 A. Rosch et al., Phys. Rev. Lett. 79, 159 (1997).
25 M. Matusiak, D. Gnida, and D. Kaczorowski, Phys. Rev.
B 84, 115110 (2011).
26 R. Daou et al., Phys. Rev. B 79, 180505 (2009).
27 M. Gooch, B. Lv, B. Lorenz, L. Bernd, A. M. Guloy, and
C.-W. Chu, Phys. Rev. B 79, 104504 (2009).
28 M. Gooch, B. Lv, B. Lorenz, A. M. Guloy, and C. W. Chu,
J. of Appl. Phys. 107, 09E145 (2010).
29 J. Maiwald, H. S. Jeevan, and P. Gegenwart, Phys. Rev.
B 85, 024511 (2012).
30 J. K. Dong, H. Zhang, X. Qiu, B. Y. Pan, Y. F. Dai, T.
Y. Guan, S. Y. Zhou, D. Gnida, D. Kaczorowski, and S.
Y. Li, Phys. Rev. X 1, 011010 (2011).
31 M. Gurvitch and A. T. Fiory, Phys. Rev. Lett. 59, 1337
(1987).
32 Y. Ando, S. Komiya, K. Segawa, S. Ono, and Y. Kurita,
Phys. Rev. Lett. 93, 267001 (2004).
33 S. Kasahara et al., Phys. Rev. B 81, 184519 (2010).
34 K. Terashima et al., Proc. Natl. Acad. Sci. U.S.A. 106,
7330 (2009).
35 M. G. Kim et al., Phys. Rev. B 83, 134522 (2011).
36 C. Liu et al., Nat. Phys. textbf6, 419 (2010).
37 C. Liu et al., Phys. Rev. B 84, 020509 (2011).
38 I. I. Mazin, D. J. Singh, M. D. Johannes, and M. H. Du,
Phys. Rev. Lett. 101, 057003 (2008).
39 K. Kuroki, S. Onari, R. Arita, H. Usui, Y. Tanaka, H. Kon-
tani, and H. Aoki, Phys. Rev. Lett. 101, 087004 (2008).
40 M. Neupane et al., Phys. Rev. B 83, 094522 (2011).
41 A. D. Christianson, M. D. Lumsden, S. E. Nagler, G.
J. MacDougall, M. A. McGuire, A. S. Sefat, R. Jin, B.
C. Sales, and D. Mandrus, Phys. Rev. Lett. 103, 087002
(2009).
42 F. L. Ning et al., Phys. Rev. Lett. 104, 037001 (2010).
43 D. K. Pratt et al., Phys. Rev. Lett. 106, 257001 (2011).
44 H. Hodovanets, A. Thaler, E. Mun, N. Ni, S. L. Bud’ko,
and P. C. Canfield, Philos. Mag., 93, 661 (2013).
45 E. D. Mun, S. L. Bud’ko, N. Ni, A. N. Thaler and P. C.
Canfield, Phys. Rev. B 80, 054517 (2009).
46 Y. Ran, F. Wang, H. Zhai, A. Vishwanath, and D.-H. Lee,
Phys. Rev. B 79, 014505 (2009).
47 P. Richard et al., Phys. Rev. Lett. 104, 137001 (2010).
748 S. Arsenijevic´, R. Gaa´l, A. S. Sefat, M. A. McGuire, B. C.
Sales, D. Mandrus and L. Forro´, Phys. Rev. B 84, 075148
(2011).
49 T. Morinari, E. Kaneshita, and T. Tohyama, Phys. Rev.
Lett. 105, 037203 (2010).
50 K. Hashimoto et al., Science 336, 1554 (2012).
51 L. Fang et al., Phys. Rev. B 80, 140508 (2009).
52 N. Doiron-Leyraud, P. Auban-Senzier, S. Rene´ de Cotret,
C. Bourbonnais, D. Je´rome, K. Bechgaard, and L. Taille-
fer, Phys. Rev. B 80, 214531 (2009).
53 J. Custers, P. Gegenwart, H. Wilhelm, K. Neumaier, Y.
Tokiwa, O. Trovarelli, C. Geibel, F. Steglich, C. Pe´pin,
and P. Coleman, Nature (London) 424, 524 (2003).
54 S. Hartmann, N. Oeschler, C. Krellner, C. Geibel, S.
Paschen, and F. Steglich, Phys. Rev. Lett. 104, 096401
(2010).
55 D. K. Pratt et al., Phys. Rev. Lett. 103, 087001 (2009).
56 N. Ni, M. E. Tillman, J.-Q. Yan, A. Kracher, S. T. Han-
nahs, S. L. Budk´o, and P. C. Canfield, Phys. Rev. Lett.
78, 214515 (2008).
57 J. H. Chu, J. G. Analytis, C. Kucharczyk, and I. R. Fisher,
Phys. Rev. B 79, 014506 (2009).
58 R. M. Fernandes et al., Phys. Rev. Lett. 105, 157003
(2010).
59 R. Hlubina, and T. M. Rice, Phys. Rev. B 51, 9253 (1995).
60 A. Rosch, Phys. Rev. Lett. 82, 4280 (1999).
61 R. A. Borzi et al., Science 315, 214 (2007).
62 S. Jiang, H. S. Jeevan, J. Dong, and P. Gegenwart, Phys.
Rev. Lett. 110, 67001 (2013).
63 F. Kru¨ger, S. Kumar, J. Zaanen, Jan, and J. van den Brink,
Phys. Rev. B 79, 054504 (2009).
64 C.-C. Chen, J. Maciejko, A. P. Sorini, B. Moritz, R. R.
P. Singh, and T. P. Devereaux, Phys. Rev. B 82, 100504
(2010).
65 W.-G. Yin, C.-C. Cheng, and W. Ku, Phys. Rev. Lett.
105, 107004 (2010).
66 Y. Wang, N. S. Rogado, R. J. Cava, and N. P. Ong, Nature
(London) 423, 425 (2003).
67 K. Takada, H. Sakurai, E. Takayama-Muromachi, F.
Izumi, R. A. Dilanian, and T. Sasaki, Nature (London)
422, 53 (2003).
68 B. Fisher, K. B. Chashka, L. Patlagan, A. Kanigel, A.
Knizhnik, G. Bazalitsky, and G. M. Reisner, J. Phys. Con-
dens. Matter 15, L571 (2003).
69 V. Hinkov, D. Haug, B. Fauque´, P. Bourges, Y. Sidis, A.
Ivanov, C. Bernhard, C. T. Lin, and B. Keimer, Science
319, 597 (2008).
70 F. Laliberte´ et al., Nat. Commun. 2, 432 (2011).
71 R. Jaramillo, Y. Feng, J. Wang, and T. F. Rosenbaum,
Proc. Natl. Acad. Sci. U.S.A. 107, 13631 (2010).
72 E. Fawcett, H. L. Alberts, V. Yu. Galkin, D. R. Noakes,
and J. V. Yakhmi, Rev. Mod. Phys. 66, 25 (1994).
73 S. L. Bud’ko, N. Ni, and P. C. Canfield, Phys. Rev. B 79,
220516 (2009).
74 J.-P. Reid, M. A. Tanatar, X. G. Luo, H. Shakeripour, N.
Doiron-Leyraud, N. Ni, S. L. Bud’ko, P. C. Canfield, R.
Prozorov, L. Taillefer, Phys. Rev. B 82, 64501 (2010).
75 N. Tsyrulin et al., New Journal of Physics 14, 073025
(2012).
76 J.-P. Castellan et al., Phys. Rev. Lett. 107, 177003 (2011).
77 M. Matusiak, Z. Bukowski, and J. Karpinski, Phys. Rev.
B 83, 224505 (2011).
